The mechanism of segmental decay of the uncB sequence near the 5 end of the 7-kb Escherichia coli unc operon mRNA was investigated. Northern (RNA) blots of mRNA expressed from a plasmid carrying the uncBE portion of the operon revealed that the uncB message was rapidly degraded by multiple internal cleavages which resulted in the formation of at least five discrete species having a common 3 end. Turnover studies indicated that processing rapidly converted all species to the smallest. Identification of the 5 ends by primer extension analysis revealed that the cleavages were made either in the uncB coding region or in the intercistronic region between uncB and uncE, the latter being the most 3 cleavage. An rne mutant strain contained much higher levels of the uncBE message, implying that RNase E, the product of the rne gene, is essential for the normal degradation of uncB, and a number of the 5 ends were not detected in the rne mutant. The cleavage sites in chromosomally encoded unc mRNA were also identified by primer extension. These studies reveal that the segmental decay of the uncB region of unc mRNA occurs rapidly through a series of endonucleolytic cleavages. The rapid decay of uncB is expected to play a role in limiting expression of this gene relative to that of the other genes of the operon.
In Escherichia coli all eight subunits of F 1 F 0 -ATP synthase, a membrane-bound complex which couples the translocation of protons across the membrane to ATP synthesis in the process of oxidative phosphorylation, are encoded by the 7-kb unc operon (33) . The order of the genes is uncIBEFHAGDC. The first gene, uncI, encodes a small polypeptide of unknown function. The next three genes encode the subunits of the membrane-embedded F 0 sector, namely, a, c, and b, respectively. The last five genes encode ␦, ␣, ␥, ␤, and ε, the subunits of the F 1 sector, which has the catalytic site for ATP synthesis and hydrolysis. In a mature ATP synthase complex, the subunits are present in the stoichiometry of ␣ 3 ␤ 3 ␥␦εab 2 c 12 (10) .
As the subunits are produced in the proper relative amounts from a single polycistronic message (7, 17) , differential expression must arise from posttranscriptional effects. A major factor is differential intrinsic translation initiation efficiency of the cistrons (17, 19, 20) , but mRNA processing and segmental instability of the mRNA also appear to play a role. This type of mechanism has been demonstrated to function in regulating the unequal expression of genes of E. coli operons such as pap (3) and mal (24) and of the puf operon on Rhodobacter capsulata (4) .
The major E. coli unc message detectable by Northern (RNA) blot analysis has a size of 6 kb, as opposed to the 7-kb length of the operon (20) . The 6-kb species lacks part of the 5Ј end, which contains uncIB, while the 3Ј end appears to be intact (18, 29) . We detected the chromosomally encoded 7-kb species in temperature-sensitive rne mutants at the nonpermissive temperature, which suggests that the 6-kb species arises by the removal of the 5Ј end through a process which depends on the rne gene product, RNase E (27) . Thus, the initial transcript undergoes segmental decay. Since the 7-kb species is ordinarily nondetectable, the removal of the 5Ј end almost always occurs before transcription of the operon is complete. This implies that the messages of the first two genes, uncI and uncB, have shorter chemical half-lives than does the rest of the message, and this might be expected to limit their relative expression. Functional determinations of the half-lives of the mRNAs of different genes by McCarthy's group (18) revealed that the messages for the genes following uncB are more stable than is that of uncB by a factor of more than 3. Lagoni et al. (14) , however, reported recently that the stabilities differ by a factor of less than 2.
Two RNase E sites located between uncB and uncE were identified by Gross (11) , using a hybrid message containing the intercistronic sequence. Cleavage of the intact unc transcript at these sites would directly inactivate neither of the messages, but it seems likely that the upstream uncB would be rapidly degraded by exonucleolytic attack. In the current work, we wanted to learn more about how uncIB is removed and the significance of the two cleavage sites in the intercistronic region between uncB and uncE. We have therefore studied the degradation of the uncBE message in more normal contexts, using either uncBE mRNA expressed from a plasmid or the entire unc mRNA expressed from the chromosome.
MATERIALS AND METHODS
Bacterial strains. E. coli strains used in this study, with the relevant genetic markers, included the following: JM103 (⌬lacpro FЈ traD36 proAB lacI q Z⌬M15), described by Messing et al. (22) ; SK5006 (thr leu), described by Donovan and Kushner (8); MG1693 (thyA715) and SK5665 [thyA715 rne-1 (Ts)], described by Arraiano et al. (1) ; and DK8 (bglR thi-1 rel-1 HfrP01 ⌬[uncB-uncC]ilv::Tn10), described by Klionsky et al. (13) . The rne-1 allele was formerly called ams-1; it was renamed rne-1 after the ams and rne loci were found to be identical (2) .
Plasmid construction. Recombinant DNA procedures were carried out by standard methods (28) . Plasmid pHN2 bearing the unc transcription terminator was constructed by adding HindIII linkers to the 194-bp HincII-RsaI fragment of pTK1 (26) and cloning it into the HindIII site of pEX1 (25) , a derivative of pKK223-3 (6) . The cloned insert contained 20 bases from the 3Ј end of the uncC gene and the complete unc transcription terminator. The expression plasmid pHN4 was constructed by inserting the 1.1-kb PvuII-DraI fragment of pBJC706 (32) into the SmaI site of pHN2. The plasmids pHN8, pHN9, and pHN11, which carried the inserts described below in the direction opposite to that of expression, were used for producing the antisense RNA for probing the 5Ј uncB, 3Ј uncB, and uncE regions, respectively. pHN8 contained the 0.2-kb BamHI-RsaI fragment of the uncB (5Ј uncB) gene cut from pHN4 cloned into pTZ18U (21) by using the BamHI and SmaI sites. pHN9 was constructed by cloning the 0.2-kb BamHI-RsaI fragment (3Ј uncB) of pHN4 into the BamHI-SmaI sites of pTZ18U. pHN11 was created by cloning the 0.1-kb RsaI fragment of pHN4 (5Ј uncE) into the SmaI site of pTZ18U. pHN15 was constructed by cloning the EcoRI-HindIII fragment of pHN4 into pTZ18U for use as a template for the in vitro transcription of uncBE mRNA. Plasmid pHN3, which was used to prepare the uncC-specific riboprobe, has been described earlier (27) .
Bacterial growth, induction, and extraction of RNA. Cells were grown at 37ЊC with shaking in Luria-Bertani broth (28) unless otherwise indicated. Selective media for the strains carrying plasmids contained 40 g of carbenicillin per ml. During early logarithmic growth, isopropyl-␤-D-thiogalactoside (IPTG) was added to a concentration of 1 mM to induce expression. After 10 min of induction, samples were removed and RNA was extracted by the method of Mackie (16) . For the turnover studies, rifampin was added to a final concentration of 0.1 mg/ml after 2 min of induction and RNA was then extracted from samples taken at various times.
The temperature-sensitive RNase E mutant strain and its wild-type isogenic strain (carrying pHN4) were grown at 30ЊC to early log phase (A 600 ϭ 0.2). One half of each culture was then shifted to 43ЊC, and the other half was kept at 30ЊC. After incubation for 30 min at the two temperatures, expression was induced by addition of IPTG to 1 mM for strains carrying plasmids. RNA was extracted from samples taken after 10 min of induction.
Northern analysis. Samples of the extracted RNA were run on either polyacrylamide or agarose gels. In polyacrylamide gel Northern blot analysis, RNA was size fractionated on a 6% polyacrylamide gel containing 8 M urea in 1ϫ Tris-borate-EDTA buffer for 60 min at 150 V. The RNA was then electrophoretically transferred onto Zeta-probe membrane by using 0.5ϫ Tris-borate-EDTA buffer for 60 min at 80 V in a Bio-Rad Mini Trans-Blot cell. Agarose Northern blot analysis was performed by fractionation of RNA samples on a 1.25% agarose gel in 10 mM sodium phosphate buffer, pH 7.0, for 3 h at 80 V after treatment of RNA with glyoxal at 55ЊC for 60 min in the presence of dimethyl sulfoxide. The RNA was then vacuum blotted onto an Amersham Hybond-N filter with 3 M NaCl-0.3 M sodium citrate (20ϫ SSC) as the transfer buffer for 2.5 h. RNA was fixed to the membrane by illumination of the blot with UV light for 3 min and drying in vacuo for 60 min at 80ЊC. Prehybridization and hybridization with the appropriate probe were carried out at 55ЊC as described by Mackie (15) .
Labelling of hybridization probes. Antisense RNA transcribed in vitro with T7 RNA polymerase was used as a probe in the Northern analysis. pHN8, pHN9, and pHN11 which had been linearized with BamHI were used to prepare the 5Ј uncB-, 3Ј uncB-, and uncE-specific probes, respectively (see Fig. 1A ). The uncCspecific probe was prepared by in vitro transcription of pHN3 which had been linearized with NcoI. In vitro transcription was carried out by using 2 g of the linearized template with 40 U of T7 RNA polymerase at 37ЊC for 60 min in the presence of 1 mM each ATP, CTP, and GTP and 100 M [␣-32 P]UTP. The reaction buffer included 40 mM Tris-HCl (pH 8.0), 6 mM MgCl 2 , 10 mM dithiothreitol, and 2 mM spermidine.
5 -End mapping of the processed transcripts by primer extension. A synthetic oligonucleotide primer, 5Ј-AGCAGATCCATATTCAGG-3Ј, complementary to a region 9 to 27 bases into the uncE coding sequence, was radioactively end labelled with [␥-32 P]ATP by using T4 polynucleotide kinase as described by Sambrook et al. (28) . RNA was hybridized to the labelled primer by incubation for 2 min at 90ЊC, 10 min at 40ЊC, and 10 min on ice, and then the primer was extended for 45 min at 50ЊC by addition of 200 U of Moloney murine leukemia virus reverse transcriptase (New England Biolabs) in the presence of 50 mM Tris-HCl (pH 8.3)-75 mM KCl-10 mM dithiothreitol-3 mM MgCl 2 -0.5 mM each dATP, dCTP, dGTP, and dTTP. Products were denatured and analyzed on a 6% polyacrylamide-8 M urea sequencing gel, along with the pHN4-based sequencing ladder.
RESULTS
Northern blot analysis of uncBE mRNA. Studies of processing in the 5Ј end of the natural unc transcript are difficult because of the constitutive expression, the large size of the RNA species, and the relatively long time required for complete transcription. We therefore constructed a plasmid, pHN4 (Fig. 1A) , which carries most of the uncB coding sequence and the complete uncE gene, using the vector pEX1 (25) . In order to make the transcript stable in the presence of 3Ј exonucleolytic attack, the unc transcription terminator was cloned behind uncBE. The terminator insert carried about 20 bases from the 3Ј end of the coding sequence of uncC, the last gene of the unc operon. The positions of four complementary riboprobes used in Northern analysis are also indicated in Fig. 1A .
Initially, to confirm that the 5Ј end of the 6-kb processed unc transcript lies within the uncBE region, Northern blot analysis of chromosomally encoded RNA extracted from a wild-type strain (SK5006), an unc deletion strain (DK8), and an induced culture of a strain carrying pHN4 was performed with the four antisense RNA probes (Fig. 2) . The two RNA species seen in the unc deletion strain represent the 2.9-and 1.5-kb rRNAs, respectively, which were recognized nonspecifically because of their high abundance. As we reported earlier (27) , the 5Ј uncB probe did not hybridize to the chromosomally encoded unc transcript. The other three probes (3Ј uncB, uncE, and uncC) recognized a major 6.0-kb chromosomally encoded message in the RNA prepared from the wild-type strain, SK5006. This suggests that the 5Ј end of the 6.0-kb species is near the 3Ј end of uncB.
To further study the degradation of the 5Ј region of the unc message, RNA isolated from a strain carrying pHN4 was also analyzed (Fig. 2 , leftmost lane of each panel). All four probes recognized the 1.2-kb full-length transcript, and the three probes at the 3Ј end (3Ј uncB, uncE, and uncC) also recognized various other breakdown products. To better resolve these breakdown products, the RNA species were separated on a denaturing polyacrylamide gel and probed with the 3Ј uncBand uncE-specific probes (Fig. 3A) . The two topmost species recognized in each lane of the gel shown in Fig. 3A are the rRNAs, as discussed above. The two probes recognized the full-length message (labeled A in Fig. 3A ) and the same five breakdown species (labeled B through F). In contrast, only the full-length transcript hybridized to the 5Ј uncB probe (data not shown).
These transcripts must be a nested set of fragments having a common 3Ј end, since the probe directed to the terminator region (uncC) also recognized them (Fig. 2) . The estimated Cleavages at those sites should also produce fragments containing the original 5Ј end, but these are probably rapidly degraded by 3Ј exonucleases (5) . Turnover of the pHN4 transcripts. In order to estimate the turnover rate of the pHN4 transcript, an exponentially growing culture of E. coli carrying the plasmid pHN4 was induced for just 2 min and then treated with rifampin to block further initiation of transcription, after which total cellular RNA was isolated at intervals and analyzed as described in Materials and Methods. This experiment was designed so that processed mRNA species would just begin to accumulate, rather than be reaching their steady-state levels, at the time when rifampin was added. At that point (Fig. 3B, time zero) , the full-length transcript (A) gave the strongest signal. Within 1 min a decrease in the levels of species A was apparent, whereas the smallest three species accumulated in that time period. After 2 min all the species disappeared except F, which remained strong through 4 min after rifampin addition. The complete conversion of the larger species to the smallest species, F, in less than 2 min indicates that processing in the uncB region is highly efficient.
Determination of the 5 ends of the processed products. The 5Ј termini of the species generated during the decay of the uncBE mRNA were determined by extension of a primer complementary to the mRNA sequence about 20 bases (Fig. 1A) into the uncE gene. Analysis on a sequencing gel (Fig. 4A) revealed that for most of the bands seen on the Northern blots, a set of bands was observed in the primer extension experiment. The sets are labeled so as to correspond with the species seen on the Northern blots. The complexity of these sets varies. For example, while base T-1789 was the prominent 5Ј end in set E, there were five equally abundant 5Ј ends in set D. Extension of the same primer on a synthetic uncBE RNA transcribed in vitro with T7 RNA polymerase (rightmost lane in Fig. 4B ) gave only one band, corresponding to the fulllength message, confirming that the bands visible in the gels shown in Fig. 4 arose from new 5Ј ends rather than from reverse transcriptase stops due to RNA secondary structure. The precise positions of the 5Ј termini of the processed species are indicated by triangles above the lines of sequence shown in Fig. 5 . The two small species in group F, assigned in a separate experiment (data not shown), correspond to the sites in the intercistronic region between uncB and uncE previously reported by Gross (11) . Attempts to map the sites in region B more precisely by using primers closer to the sites were unsuccessful.
RNA isolated from an rne mutant strain which showed reduced RNase E activity at the restrictive temperature was also analyzed. Primer extension products obtained by using RNA FIG. 2 . Northern blot analysis of unc mRNA with various antisense riboprobes. RNA was prepared from E. coli SK5006 (unc ϩ ) and DK8 (unc) and an induced E. coli strain, JM103 carrying plasmid pHN4, as described in Materials and Methods. RNA samples were separated on a 1.25% agarose gel after treatment with glyoxal, transferred to nylon membrane, and probed with the indicated 32 P-labelled probes. The lanes labelled SK5006 and DK8 received 15 g of total RNA, and the JM103/pHN4 lanes received 1 g of total RNA.
FIG. 3. Analysis of RNA transcribed from E. coli JM103 carrying pHN4. (A)
Analysis of mRNA species under steady-state conditions. Equal amounts of total RNA (1 g) from cultures which had been induced for 10 min (I) and from uninduced cultures (N) were size fractionated on a 6% polyacrylamide-8 M urea gel, electroblotted to Zeta-probe membrane, and hybridized to either 5Ј uncB or uncE probe. The full-length message (species A) and the processed transcripts (species B through F) are indicated on the left. The two topmost bands visible in all the lanes correspond to the two large rRNAs. (B) Turnover analysis of mRNA species transcribed from the plasmid pHN4. E. coli JM103 bearing pHN4 was grown to early log phase and induced as described in Materials and Methods. At 2 min after induction, rifampin was added to block initiation of transcription, and samples were collected for RNA extraction at the indicated time points. Northern blots of RNA samples were performed with the 3Ј uncB probe as described in Materials and Methods. All lanes received 1 g of total RNA. N, noninduced sample.
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on September 7, 2017 by guest http://jb.asm.org/ from rne ϩ and rne strains carrying the plasmid pHN4 are shown to the right of the sequencing ladder in Fig. 4B . Notably, in the rne mutant grown at 43ЊC there was a great enhancement of the full-length message (primer extension product A) compared with the amount obtained with the rne ϩ strain grown at 43ЊC. This result again suggests that RNase E plays a critical role in the degradation of the uncB mRNA. Examination of the shorter extension products reveals that cleavages displayed by the wild type at sites in groups B, C, D, and E were all affected by the rne mutation at the nonpermissive temperature. The dominant cleavage in set E, at base T-1789, was eliminated, as was the strong cleavage in set C at residue C-1521. Interestingly, the latter cleavage was replaced in the mutant by cleavages at sites A-1494 and A-1528. These alternative cleavage sites are shown below the sequence lines in Fig. 5 . The cleavages within group D were also affected in that the four major sites were diminished, while significant cleavage at sites G-1675 and T-1691 was observed. The cleavage at the more 5Ј site in group B was also eliminated, though cleavage at the more 3Ј site was only partly affected. Cleavage at the two major sites in group F, previously identified as RNase E sites by Gross (11) , was eliminated (data not shown).
To see if the chromosomally encoded unc message is processed similarly to the plasmid-encoded uncBE message, RNAs isolated from rne ϩ and rne strains lacking the plasmid were also analyzed by primer extension (Fig. 4B, lanes to the left of the sequencing ladder). The sites of cleavage, and their dependence on rne, were similar to those observed to be present in the pHN4 mRNA, although the bands for the chromosomally encoded message were relatively weak.
DISCUSSION
Our results indicate that the uncB message is cleaved endonucleolytically at a large number of sites, located in groups about 100 bases apart. The most 3Ј of the groups (group F) consists of the two sites previously identified by Gross (11) in the sequence between uncB and uncE. The turnover studies indicate that all the larger intermediates were rapidly cleaved to give the smallest products, which were more stable. The chromosomally encoded message was cleaved at the same sites as was the plasmid-encoded message. With this large number of sites, the rapid degradation of uncB would appear to be ensured.
Cleavage at these sites results in removal of all uncB sequence in less than 2 min. Processing can thus precede completion of transcription of the operon, which should require 2
FIG. 4. Analysis of cleavage sites and their dependence on RNase E. (A)
Primer extension analysis of RNA from uninduced (Ϫ) and induced (ϩ) cultures of E. coli JM103 carrying the plasmid pHN4. A 32 P-labelled primer was used to prime cDNA synthesis, with total cellular RNA as the template. The products were analyzed on a 6% polyacrylamide sequencing gel along with a pHN4-based dideoxy sequencing ladder. Bands or sets of bands corresponding to the species seen in the Northern analysis are labelled similarly. The same sets of samples were subjected to a shorter and a longer run to map the ends more precisely. (B) Dependence of the cleavages on RNase E. E. coli MG1693 (rne ϩ ) and SK5665 (rne-1) bearing pHN4 were grown to early log phase at 30ЊC, at which point half of each culture was shifted to 43ЊC to inactivate the mutant RNase E. After 30 min, cultures were induced with IPTG for 10 min. RNA samples were prepared and primer extension was carried out as described in Materials and Methods. These samples are shown in the indicated lanes to the right of the sequencing ladder. I, induced sample; N, noninduced sample. To analyze chromosomally encoded message, strains MG1693 (rne ϩ ) and SK5665 (rne) lacking the plasmid were grown and treated in the manner described above for strains carrying the plasmid. Three times more total RNA (15 g) was used for the analysis of the chromosomally encoded messages. These samples are shown in the lanes to the left of the pHN4-based sequencing ladder. A control (lane labelled ''in vitro RNA'') in which the primer was extended on mRNA transcribed in vitro from pHN15 was used to determine reverse transcriptase stops that were due to secondary structure. to 3 min, consistent with the observation that only the 6-kb form of the unc message is seen in rne ϩ cells. It is not possible from our results to determine whether the cleavages occur in a defined or random order. However, if there is a defined order, it must be in the 5Ј-to-3Ј direction; otherwise, the 5Ј ends would not be detected by extension of the primer that was complementary to uncE. Thus, our results imply that cleavage at one of the intercistronic sites in group F does not, in general, initiate inactivation of uncB.
The major enzyme involved in the processing of uncB mRNA appears to be RNase E, since the full-length transcripts were much more abundant in the rne strain than in the rne ϩ strains at 43ЊC. The sequences at the cleavage sites shown in Fig. 5 show as much agreement with the loose RNase E consensus sequence of (G/A)AUU(A/U) (9) as do most RNase E sites that have been identified. Cleavage at the sites corresponding to E and F was highly rne dependent. Cleavage in the other regions still occurred to some extent in the rne strain, but the exact positions were different in most cases. It seems likely that these alternative cleavages were seen because of the much higher levels of the substrate mRNA (i.e., species A) that are present in the rne mutant at 43ЊC. Relatively inefficient cleavages could become apparent under these conditions because they have a much greater chance to occur, and the resultant species are more stable. It may be that an RNase other than RNase E can slowly cleave in the same regions, but at slightly different sites. Alternatively, a trace of activity, possibly with slightly aberrant site selection, may be associated with the rne-1 allele present in the mutant strain we used. The RNase E encoded by another allele, rne-3071, is known to retain some activity at the nonpermissive temperature (23). Hajnsdorf et al. (12) have presented evidence that the same is true, to a lesser extent, of the rne-1 allele.
uncE is the most highly expressed gene of the unc operon, consistent with the high stoichiometry of its product, subunit c, in the ATP synthase holoenzyme. McCarthy and coworkers (19) have shown that the high-level expression of uncE is almost entirely dependent on the 45 bases upstream from the Shine-Dalgarno sequence, rather than just the Shine-Dalgarno sequence itself. This intercistronic region is rich in A and U, and its unfolded structure has been suggested to be important in allowing ribosomes access to the uncE translation initiation region (30) . Cleavage at the intercistronic RNase E sites might also serve to activate translation, as the Shine-Dalgarno sequence is left intact but removal of upstream message could make the translation initiation region more accessible to ribosomes. To date there is no direct evidence regarding the individual translational activities of the intact and processed forms.
In contrast, uncB is poorly expressed, and only a single copy of its product, the a subunit, is present in the enzyme. Limitation of the amount of subunit a produced is essential, as this polypeptide is toxic if overexpressed (31) . Our observation of the rapid degradation of uncB mRNA by endonucleolytic cleavage at multiple sites provides a straightforward mechanism of degradation of this message. However, Lagoni et al. (14) reported that the functional half-life of uncB estimated from its exponential decay curve is only mildly shorter than that of uncE. Interestingly, however, their data showed that while exponential decay of the uncB message began immediately after addition of rifampin, the onset of exponential decay of uncE and the other functional units was delayed by more than 2 min. This delay makes the actual message lifetimes longer than would be estimated from decay constants based on the subsequent period of exponential decay. In contrast, McCarthy and coworkers (18) reported that the functional halflife of uncE was greater than that of uncB by a factor of between 3 and 4. It appears that the latter workers based their estimates on the time required for the first half of the functional message to decay, rather than on the later period. While less mathematically rigorous, this approach is more appropriate when the assumption of first-order decay is invalid.
The multiple cleavages in uncB suggest a mechanism of delaying the onset of decay of uncEFHAGDC. If the cleavages in uncB are ordered, even loosely, and the downstream uncEF-HAGDC message does not begin decaying until the group F sites are cleaved, as suggested by Gross (11) , decay of the downstream message would be delayed by a period of up to 2 min.
